Abstract-The control and simulation of the power delivered to the grid are becoming an important topic, particularly when the number of distributed power generation systems increases. In this paper, two different control schemes for an oscillatingwater-column Wells-turbine-generator module are simulated, implemented, and compared. In the first method, the control system does appropriately adapt the slip of the induction generator according to the pressure drop entry in order to maximize the generated power, while in the second method, a traditional proportional-integral-derivative-based control is implemented in order to deal with the desired power-reference-tracking problem. It will be shown how the controllers avoid the stalling behavior and that the average power of the generator fed into the grid is significantly higher in the controlled cases than in the uncontrolled one while providing the desired output power.
I. INTRODUCTION
T HE development and diffusion of renewable energy resources and technologies will help realize important economic, environmental, and social objectives in the early decades of the 21st century. In this sense, many governments are adopting new energy generation and renewable energy guidelines toward an ecologically sustainable society, e.g., the U.S. has called for doubling the nation's renewable energy production over the next three years, setting a timeline to one green piece of his economic stimulus plan. New Zealand has adopted a target of 90% renewable energy by 2025 and is poised to be the first country to achieve 100% of its electrical energy from renewable sources. China is in urgent need of clean technologies, aware of the pollution that could be noticed on the Beijing Olympics. In this way, the Chinese government wants to double the energy produced from renewable sources to 15% [1] . In March 2007, the 27 European Union (EU) member states adopted a binding target of 20% renewable energy from final energy consumption by 2020. Similar objectives have been stated in the recent Climate Change Conference held in Copenhagen last December 2009.
The ocean is an enormous and predictable source of renewable energy with the potential to satisfy an important percentage of the worldwide electricity supply. Globally, the theoretical potential of ocean energy has been estimated over 100 000 TWh/year (as a reference, the world's electricity consumption is around 16 000 TWh/year).
In recent years, there has been a worldwide resurgent interest for wave energy. Harnessing the immense wave power in the world's oceans can be part of the solution to our energy problems. Conversion of the wave resource alone could supply a substantial part of electricity demand of several countries in Europe, such as Ireland, U.K., Denmark, Portugal, Spain, and others. The Electric Power Research Institute has estimated the wave energy along the U.S. coastline at 2100 TWh/year. That is half of the total U.S. consumption of electricity.
There are many different technologies to convert ocean wave power into electricity, and nowadays, it remains unclear what the winning technical approach is. This is reflected by several different technical approaches and different methods and systems for converting this power into electrical power, such as oscillating water columns (OWCs), hinged contour devices as the Pelamis, overtopping devices as the Wave Dragon, and the Archimedes wave [2] . However, the OWC-type 0278-0046/$26.00 © 2011 IEEE wave-energy-harnessing method is considered as one of the best techniques to convert wave energy into electricity.
This paper is organized as follows: Section II presents a background about the waves, OWC, Wells turbine, stalling behavior, and doubly fed induction generator (DFIG). Section III presents the wave theories and NEREIDA MOWC. In Section IV, the model of the OWC, turbine-generator module, and the uncontrolled case are described. Section V presents the control of the stalling behavior in Wells turbine in two different ways. Some simulation results comparing the uncontrolled and controlled cases are presented in Section VI. In Section VII, the corresponding experimental results are presented. Finally, concluding remarks are given in Section VIII.
II. BACKGROUND
The use of distributed energy resources is increasingly being pursued as a supplement and an alternative to large conventional central power stations [3] , often remotely controlled (see, e.g., [4] ). For a complete overview of the area, see [5] and [6] . Solar energy creates wind, which then blows over the ocean, converting wind energy to wave energy. Once this conversion has taken place, the wave energy can travel thousands of miles with little energy loss.
The OWC energy equations are similar to those used for wind turbines. Equation (1) expresses the power available from the airflow in the OWC's chamber. The airflow kinetic energy term V 3 x · a · ρ/2 is common to wind turbine analysis, whereas the air pressure term p · V x · a is unique to this application. From (1), it can be seen that the size of the duct and the airflow through the duct regulated by the modulation valve plays a significant role in an OWC
As shown schematically in Fig. 1 , the OWC is a device that converts the hydraulic energy of the waves into an oscillating airflow. The upper part of the OWC chamber has the power takeoff system, consisting of the turbine and the generator, connected through a gearbox.
Two different turbines are currently in use around the world for wave energy power generation, namely, the Wells turbine [7] - [10] and the impulse turbine [11] . In particular, a detailed review of this area can be found in [9] . Both these turbines are currently in operation in different power plants in Europe, India, Japan, Korea, and so forth [12] . The Wells turbine converts the bidirectional airflow into mechanical energy in the form of unidirectional shaft power used in turn to move the generator.
The use of DFIG has a huge potential in the development of distributed renewable energy sources [13] , [14] . DFIG is essentially an asynchronous machine, but instead of the rotor windings being shorted (as in a "squirrel-cage" induction machine), they are arranged to allow an ac current to be injected into the rotor, via the power converter. By varying the phase and frequency of the rotor excitation, it is possible to optimize the energy conversion [15] . The frequency converter only has to process the generator's slip power fraction, which is generally not more than 30% of the generator rated power. This reduced rating for the frequency converter implies an important cost saving, compared to a fully rated converter.
In order to achieve the desired power output performance, two different control strategies have been considered: a DFIGbased rotational speed control and an air valve control that regulates the airflow input. Both methods are explained in Section V.
III. WAVE THEORIES AND NEREIDA MOWC
The mathematical description of periodic progressive waves is complicated. Some authors have recommended ranges of application of the various wave theories, as shown in Fig. 2 . Therefore, a number of regular wave theories have been developed to describe the water particle kinematics associated with ocean waves of varying degrees of complexity. These would include linear or Airy wave theory, Stokes second-order and other higher order theories, and stream-function and cnoidal wave theories, among others. Fortunately, the earliest (and simplest) description, attributed to Airy in 1845, is sufficiently accurate for many engineering purposes [16] . Linear wave theory describes ocean waves as simple sinusoidal waves. Surfaces waves can be classified according to the ratio of the wavelength (L) to the water depth (h) as follows.
NEREIDA MOWC is a project involving the integration of an OWC system with Wells turbines in the new rockfill breakwater at the harbor in Mutriku on the Basque coast in Spain. The breakwater is located in 7 m (h) of water, mean water level or still water level (SWL) [17] . The average height of waves in the Cantabrian coast is less than 2 m with a period between 8 and 12 s [18] . Therefore, according to these data, in this work for the study of waves, the linear wave theory has been used for transitional water.
The next objective of our analysis is to find the power per meter of wavefront (or wave crest) to model the input to our system. In Fig. 3 , a wave with its characteristic parameters is shown. The part of the wave profile with the maximum elevation above the SWL is called the wave crest, and the part of the wave profile with the lowest depression is the wave trough. The distance from the SWL to the crest or the trough is the amplitude of the wave, and the wave height (H) is defined as the total distance from the trough to the crest. The wavelength of a regular wave at any depth is the horizontal distance between successive points of equal amplitude and phase, for example, from crest to crest or trough to trough, and is defined according to the linear theory by
The equation describing the free surface as a function of time t and horizontal distance x for a simple sinusoidal wave can be shown to be
The propagation speed or celerity of a regular wave is given by
The total energy of a wave system is the sum of its kinetic energy and potential energy. The kinetic energy is the part of the total energy due to water particle velocities associated with wave motion. Potential energy is that part of the energy resulting from part of the fluid mass being above the trough of the wave crest. Thus, the total energy is given by
According to the Airy theory, if the potential energy is determined relative to SWL and all waves are propagated in the same direction, the potential and kinetic energy components are equal, and the total wave energy in one wavelength per unit crest width is given by
Thus, the total average wave energy per unit surface area is called the specific energy or energy density and is given by
The energy density of a wave, shown in (7), is defined as the mean energy flux crossing a vertical plane parallel to a wave's crest. The energy per wave period represents the wave's power density. Equation (8) shows how the wave power density can be found by dividing the energy density by the wave period
where E density is the wave energy density in joules per square meter and P density is the wave power density in watts per square meter. The rate at which wave energy propagates is directly dependent on the group velocity of the wave. The group velocity is given by
where n is a constant determined by
Wave energy flux is the rate at which energy is transmitted in the direction of wave propagation across a vertical plane, which is perpendicular to the direction of wave advance and extends throughout the entire depth. Assuming that the linear theory holds, the average energy flux per unit wave crest width transmitted across a vertical plane perpendicular to the direction of wave advance is
where p is the pressure (in pascals), t is the start time, and r is the final time. Integrating (11) and simplifying, we have
A wave resource is typically described in terms of power per meter of wavefront. This can be computed by multiplying the energy density by the wave celerity (wavefront velocity), as expressed in (12) [19]
IV. STALLING BEHAVIOR IN WELLS TURBINE
Several approaches have been used for OWC modeling purposes. In particular, a detailed background on thermodynamic and hydrodynamic processes related to the air compression may be found in [20] .
The performance of the Wells turbine is limited by the onset of stalling phenomenon on the turbine blades. In order to explain the nature of the stalling behavior, it is recommendable to introduce some previous concepts regarding the operation of the system. The input power to any wave energy induction must be variable when considering both short and long terms, since each wave cycle produces two power cycles, giving a shortterm variation, and a fluctuation in the medium-and long-term wave environment that produces the corresponding change in the output of the induction generator [21] . Therefore, a control strategy that accommodates these fluctuations subject to the local conditions is necessary. Three basic control strategies or a combination of them may be considered: 1) reactive control; 2) rotational speed control; 3) air valve control (airflow control). The control methods described before are fully detailed in [22] - [24] .
The equation for the turbo-generator system can be written as The input to the Wells turbine is the pulsating pressure drop across the turbine rotor, which is generated due to the airflow from the OWC chamber. The equations for the turbine are
where K is a constant, r is the mean radius, b is the blade height, l is the blade chord length, and n is the number of blades; they are the parameters of the turbine.
Figs. 4 and 5 show the d-q dynamic model equivalent circuits. As it is well known, the main advantage of the d-q dynamic model of the machine is that all the sinusoidal variables in the stationary frame appear as dc quantities referred to the synchronous rotating frame [15] . Hence, the equations for the generator are given by and the flux linkage expressions in terms of the currents can be written as follows:
where ω e is the stator supply frequency, ω r is the rotor electrical speed = ω · (P/2), and T e is the electromagnetic torque.
The torque and power developed by the turbine can be computed based on the power and torque coefficients against the flow coefficient [25] . These are the characteristic curves of the turbine under study, and their shapes can be seen in Figs. 6 and 7.
From (18) , it may be observed that, when the airflow velocity increases, the flow coefficient also increases, provoking the socalled stalling behavior in the turbine. This behavior is also clearly observable in Fig. 7 , when φ approaches 0.3 (this value In order to model the waves, it is necessary to take into account the spectrum of the wave climate, which indicates the amount of wave energy at different wave frequencies.
Considering these data and the value T = 10 s [17] for the standard input pressure drop, the turbine may be experimentally modeled as |7000 sin(0.1πt)| Pa, as can be seen in Fig. 8 .
With this input, the variation of the flow coefficient for the uncontrolled system can be seen in Fig. 9 . It can be observed that its value is higher than 0.3, which corresponds to the stalling behavior threshold value for our turbine.
In this sense, Figs. 10 and 11 show the power extracted from the turbine and generator, respectively. As indicated before, it may be clearly observed that the power to be extracted by the turbine and generator is limited by its stalling behavior.
In conclusion, the power to be extracted by the OWC turbine-generator module has been limited by the stalling behavior in the Wells turbine, therefore composing the main problem to resolve. 
V. CONTROL STATEMENT

A. Rotational Speed Control
The undesired stalling behavior can be avoided or delayed if the turbine accelerates fast enough in response to the incoming airflow, which can be accomplished by increasing the permissible slip of the generator, allowing the system to reach higher speeds [26] , [27] .
The control system for the flow coefficient is achieved by varying the slip of the DFIG. The advantage is that the variable speed operation of the turbine is possible, whereas the converter can be much smaller and, therefore, also much cheaper. The power rating of the converter is often chosen about one-third of the generator rating.
The control scheme is shown in Fig. 12 , and its functioning is detailed in what follows. As shown in this figure, the DFIG is attached to the wells turbine by means of the gearbox. The DFIG stator windings are connected directly to the grid, while the rotor windings are connected to the back-to-back (ac/dc/ac) converter. The converter is composed of a grid-side converter (GSC) connected to the grid, and a rotor-side converter (RSC) connected to the wound rotor windings. The RSC controls the active power (P s ) and reactive power (Q s ) of the DFIG independently, while the GSC controls the dc voltage and gridside reactive power.
In this paper, the RSC is expected to achieve the following objective: to regulate the DFIG rotor speed for maximum wave power generation without stalling behavior in the wells turbine. Fig. 12 also shows the vector control scheme of the RSC and GSC. In order to achieve independent control of the stator active power P s (by means of speed control) and reactive power Q s (by means of rotor current regulation), the instantaneous threephase rotor currents i r,abc are sampled and transformed to d-q components i qr and i dr in the stator-flux-oriented reference frame.
In this context, P s (and, thus, the generator rotor speed ω) and Q s can be represented as functions of the individual current components. Therefore, the reference values of i dr and i qr can be determined directly from the Q s and ω commands. The actual q-current signal (i qr ) is then compared with their reference signal (i * qr ) to generate the error signal, which is used to provide the required q-voltage signal (ν qr ) by means of a proportional-integral (PI) controller. In addition, it is used by the pulsewidth modulation (PWM) module to generate the insulated-gate bipolar transistor gate control signals that are necessary to drive the converter. A detailed study about DFIG control devices by means of RSC and GSC has been conducted in [28] and [29] .
Our purpose is to calculate the maximum pressure drop across the rotor of the turbine without stalling behavior. To do so, numerous simulations have been carried out in order to study the variation of the flow coefficient for different pressure drops and slip of the generator rotor. The results may be observed in Table I , which shows the variation of the flow coefficient for different values of pressure drop (dP ) and slip of the DFIG.
Using this table, the optimum slip value for the turbine stalling avoidance is established as a function of the pressure drop input. The control block I implements changes on the value of the slip of the induction generator according to the parameters that were studied in Section IV, and the optimal values of slip for each specific range of pressure drop are presented in Table I . This paper may be extended to other Wells turbines, since all of them present similar behaviors. Our control aims to vary the generator slip in order to alter the torque/slip characteristic, so as to get higher velocities of the system and avoid the stalling behavior.
B. Air Valve Control
In this case, we have opted for a traditional PI-derivative (PID)-type control to regulate the power generated by the turbine-generator module, avoiding the stalling behavior by means of a modulation valve. The controlled model implemented is shown schematically in Fig. 13 . As indicated before, the control system implemented in the turbine-generator module consists of a modified antiwindup PID control law, where the output of the generator is the controlled variable (the generated power), and the pressure drop across the rotor (dP ) is the manipulated variable. PID control schemes compose simple and well-known techniques, and they are currently the most commonly used controllers in industrial control real applications. In this respect, the last work of Åström and Miller may be recalled, where it is stated that more than 95% of all industrial control problems are solved by PID control [30] . It must be taken into account that the aim is to implement this controller over a real plant in a near future, so that one of the requisites was to maintain them as simple as possible while meeting the system performance requirements. In this sense, other control schemes were initially considered and developed, as artificialneural-network-based controllers [27] or robust sliding-mode controllers [31] , but they were finally discarded for the sake of implementation reliability.
The main issue when dealing with PID-based controllers relies on the need of appropriate tuning that sometimes must be readjusted over the real system, due to the differences that always exist between the model and the real system. A way to deal with these differences would be to use a sliding-mode control, which is able to deal with up to 20% of parameter uncertainties [30] . Nevertheless, the experimental results included in Section VII showed that the tuning procedure was easily performed and provided an adequate response of the system within the operation range of the plant, so that there was no need to add further complexity to the control design.
In this case, a Ziegler-Nichols-based experimental procedure has been used to tune the controller. As it is well known, the Ziegler-Nichols rule is a heuristic PID tuning method that attempts to produce reasonable values for the three PID gain parameters. Due to the presence of an integrative model, the first method is not suitable, and the tuning has been performed with the Ziegler-Nichols second method [32] . The steps for tuning a PID controller via this method are as follows (using only proportional feedback control).
1) Reduce the integrator and derivative gains to zero.
2) Increase Kp from zero to some critical value Kp = Kcr at which sustained oscillations occur. 3) Note the value Kcr and the corresponding period of sustained oscillation P cr. Using this procedure, some initial values for the controller parameters were obtained and afterward refined in an experimental trial-and-error basis. In this way, the controller gains obtained are Kp = 0.6, Kcr = 0.04, T i = 0.5 with P cr = 0.008, and T d = 0.125 with P cr = 0.002.
As usual, the reference and feedback generate the error signal, which serves as input to the controller. Then, the output control drives the valve into the demanded position against a counterbalance weight. Once in position, it is held steady by an electromagnetic brake. In the event of a control failure or in the case that the grid connection is lost or an emergency closure is demanded, the brake supply is interrupted, and the valve closes by means of the influence of the weight. In this way, the modulation of the valve aims to adjust the pressure drop across the turbine rotor.
VI. SIMULATION RESULTS
The parameters used for the turbine-generator module are shown in Table II .
In order to improve the stability of the generated power, a comparative study for both uncontrolled and controlled cases has been performed, considering three different sea conditions.
The first case study considers a scenario where waves produce a typical variation in the pressure drop of |5000 sin(0.1πt)| Pa. This pressure drop does not produce the stalling behavior neither in uncontrolled nor controlled cases, as can be seen in Fig. 14 , where the flow coefficient does not exceed the stalling threshold value of 0.3. The values of power generated by the turbine and induction generator are shown in Figs. 15 and 16 , respectively, for the: (a) uncontrolled case, (b) rotational speed control, and (c) air valve control. As shown in Fig. 16 , the generated power is the same in both cases (a) and (b), with an average value of 20.060 kW. In the case where the control is through a valve (c), the power output takes lower values, depending on the reference for the generated power. This is interesting because, in a given time, it may be necessary to reduce the production of energy to the grid.
The second case study considers waves producing pressure drop variations of |7000 sin(0.1πt)| Pa, which provokes the stalling behavior in the uncontrolled system. Fig. 17 shows the variation of flow coefficient for this case. As it may be observed, the flow coefficient reaches the stalling threshold value, as shown in Fig. 17(a) . In contrast, the rotational speed control and the air valve control avoid this stalling behavior, as shown in Fig. 17(b) and (c). As it may be seen, now, the flow coefficient does not exceed the stalling threshold value of 0.3. The rotational speed control Fig. 17(b) is faster than the air valve control Fig. 17(c) . The PID transitory state is not relevant because the time evolves at longer timescale.
The values of power generated by the turbine and induction generator are shown in Figs. 18 and 19 , respectively, for the: (a) uncontrolled case, (b) rotational speed control, and (c) air valve control. As shown in Fig. 19(a) , the average generated power in the uncontrolled case is 20.053 kW, while the generated power in the controlled case using rotational speed control increases up to 27.560 kW, as shown in Fig. 19(b) . This represents an increment on the generated power due to its stabilization by totally eliminating the losses associated with the stalling behavior.
In the controlled case, using the air valve control, the average generated power depends on the chosen reference for the output power. In this case, it was taken as P gref = 21 kW. The controller totally eliminates the losses associated with the stalling behavior, as can be observed in detail in Fig. 19(c) .
The third case study considers a realistic scenario with irregular waves, which produces changes in the pressure drop input to the turbine, as shown in Fig. 20 . In this case, the average power of the generator fed into the grid is significantly higher in the controlled cases than in the uncontrolled one, as shown in Fig. 21 . In the uncontrolled case, the turbine reaches repeatedly Fig. 21(a) . In contrast, the controlled average generated power, using the rotational speed control, is increased up to 27.036 kW, as shown in Fig. 21(b) . The air valve control tends to avoid the stalling behavior, as shown in Fig. 21(c) , allowing an increment in the generated power.
Finally, Table III shows the average power delivered by the generator for different pressure drop inputs [with P gref(max)] in three different cases: (a) the uncontrolled case, (b) rotational speed control, and (c) air valve control. It may be seen how the proposed control schemes highly improve the power generated by the turbine-generator module.
VII. EXPERIMENTAL RESULTS
In order to prove the feasibility and goodness of the proposed schemes, in this section, we are going to implement the proposed control design over a real system. The corresponding experimental control system scheme may be observed in Fig. 22 , while Fig. 23 shows the physical system used for the real implementation.
In particular, the experimental implementation of both control strategies uses a digital signal processor (DSP)-based topology. The emulation of the Wells turbine is performed by means of an induction motor under speed control using a Siemens frequency converter. The dynamic behavior of the turbine has been implemented using MATLAB/Simulink environment (PC1) and the commercial real-time hardware dSPACE DS1104 DSP-based digital-to-analog converter system.
The control structure and the PWM scheme, as shown in Fig. 22 , has also been implemented over a DSP controlled by a second computer serving as Master (PC2), concretely on a hybrid DSP56F807, which is the most powerful DSP of the 56 000 family, with a velocity of up to 40 MIPS at 80-MHz core frequency. The main features of this DSP are the following: 1) twin periphery with two six-channel PWM modulators; 2) four four-channel 12-b analog-to-digital converters; and 3) two quadrature decoders. Moreover, this DSP presents the advantage of a wide connectivity (CAN, SCI, SPI, and JTAG port for debugging). The software is developed using the CodeWarrior C-compiler of Metrowerk. The programming of the different peripherals and algorithms of estimation and control are developed based on this software.
As a demonstrative case study, a sea scenario with waves producing pressure drop variations of |7000 sin(0.1πt)| Pa has been considered, which was also considered in the second simulated example. The corresponding experimental results are shown in Figs. 24-26, which show the values of power generated by the turbine and induction generator for the uncontrolled case, rotational speed control, and air valve control, respectively.
As it may be observed, the results obtained are similar to those of the numerical simulations: As shown in Fig. 24 , the power in the uncontrolled case is lower than the power generated in the controlled case using the rotational speed control, which may be seen in Fig. 25 . This represents an increment on the resulting power due the elimination of the stalling behavior. In the third experiment, using air valve control, it is shown that the power generated adequately matches the input reference, also avoiding the losses associated with the stalling behavior, as can be seen in detail in Fig. 26 .
VIII. CONCLUSION
The performance of an OWC Wells-turbine-generator system has been improved by introducing two control schemes which have been implemented both in simulation and experimentally. In the first method, the control system does appropriately adapt the slip of the induction generator according to the It has been demonstrated that the proposed rotational speed control design adequately matches the desired relationship between the slip of the induction generator and the pressure drop input, while the valve control using a modified antiwindup PID control law successfully governs the valve that modulates the pressure drop across the turbine.
Both control methods exhibit an increment and smoothing of the generated active power fed to the grid. However, the numerical simulations suggest that, while the rotational speed control behaves better with respect to the maximum power delivered to the grid, the air control valve is more adequate to regulate the generated power according with the needs of the grid. Similar results are obtained from the experimental studies. Therefore, it can be concluded that results show the ability of both methods to control the generated active power fed to the grid in such a way that may also complement each other.
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